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PREFACE

I This report is submitted to the U.S. Army Mobility Equipment Research

and Development Command (MERADCOM), Fort Belvoir, Virginia 22060, by Arthur

D. Little, Inc., 15 Acorn Park, Cambridge, Massachusetts 02140, and was

prepared under Task Order No. 0025 of Contract No. DAAK-70-79-D-0036. This
3 report was prepared under the guidance of Messrs. Richard Helmke, and

John Peterson as the technical points of contact, and Mr. Kenneth Dean as3 the COR. Questions of a technical nature should be directed to Peter
D. Hilton, (617) 864-5770, the Technical Program Manager and principal

investigator of the study. The Administrative Program Manager was

Roger G. Long, and other investigators included Ranganath Nayak and
Bruce Lamar.
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_ O

- This report contains the development of methodology for rating

mobile bridging in a manner consistent with the Trilateral Design and

Test Code for military Bridging and Gap Crossing Equipment. 1 The rating

criteria are based on estimates of probability of failure for components

of the bridging. These failure probabilities are to be calculated for

the bridge for normal crossing conditions-i.e., those allovmble under

the Trilateral Design and Test Code. Caution crossing criteria are

developed by restricting the crossing conditions to allow increased

vehicle weight or gap size without increasing the probability of failure

beyond the code allowable levels.

Risk crossing ratings are specified using the criteria that only

failure modes which would interfere with the current mission are to be

considered and that the allovmble probability of failure during a risk

crossing may exceed that for normal and caution crossings. There will

- also be more severe restrictions on vehicle crossing procedures for risk

crossings. Taken together, these conditions are expected to enable a

subtstantial increase in bridge rating for risk crossings.

This report details suggested additions to the Trilateral Design aid

1 Test Code for Military Bridging and Gap Crossing Equipment to specify the
procedures for rating mobile bridging for caution and risk crossingI cond itions.

I Arthuzr D Uttk Inc
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This report contains the results of a program carried out in

response to the following "statement of work."

1.1 Background

'Ihe U.S., U.K., and GE are panrticipating in a trilateral effort to
produce a uniform "Trilateral Design and Test Code for Military Bridge
and Gap Crossing EquipmentO for usme in the three countries. The new

code changes the way bridges are designed and will require a new
criteria for Bridge Class Rating. The old bridge rating criteria is

based on rating tests which have been determined from past experience.
The tests specified are not expected to be compatible with the new

Design and Test Code as it is now constituted.

1.2 Objective

The objective of this report is to analyze the design criteria now
set forth in the Design and Test Code and develop a bridge class rating
criteria which is compatible with it.

1.3 Approach

* - lbs U.S. wishes to develop a system under which all ratings
(Normal, Caution and Risk) would be assigned to new bridge designs by
the bridge developer. The Normal Rating would be that which is defined
by the Design and Test Code. The Caution and Risk Ratings are the areas
to be studied and defined. it seems reasonable to assume that by
carefully specifying the bridge and vehicle crossing variables (spmed,
location operation,, bridge support geometry, freeboard, current

velocity,, etc.) in a table or listing similar to the one now listed in
* - the old rating criteria "Factors," that the developer could determine a

0Arthur D tticlnc



Woad Class wh~ich would be higher than the designed for "Normnal" Load
CLass, and still produce stresses (load) no higher than those
anticipated for the Normal. Design. ibis technique would balance
increased crossing restrictions against higher Load Class. The higher
the toad Class, the greater the restriction. This method can be applied
to the "Caution Rating" and possibly to the Risk Rating. The Risk
Rating however, can be risky and bridge failure could be an acceptable
result of an overload situation in a low percentage of its applications.
This percentage should not exceed 10%. The desire here is to find a
Risk Criteria which would increase the load Rating over the Caution
Rating by approximately the same increment as the Caution Rating exceeds
the Normal Rating. Since both Caution and Risk loadings are to be
determined the Caution Rating can be set to split the increment between
Normal and Risk. A desirable Normal to Risk increment would be 20%
unless found to be impractical by study of the Code. The secondary
rating classifications (Caution and Risk) need not be tested for, but
could be adjusted by proportion with respect to the Normal Rating. A
corollary to the Woad Class Rating System will relate bridge capability
to span. This system will specify Normal Caution and Risk span of the
bridge for the specified Design Class. The limitations will be the samie
as used uder the Bridge Load Class Rating System. Specific tasks
required to accomplish the objectives are:

Task 1. Define Normal Crossing Rating as now specified within the
Design Code.

Task 2. Define Caution and Risk Crossing Rating with respect to
Class/Span and detail how it is determined and specified.

Task 3. Produc~e Draft Section or Paragraph which can be added to
the current Design Code and would require minimum (no change is highly
desirable) change to other sections of the Code. If changes to other
parts of the Code are required these must be detailed.

Arthur D Little Inc



2.* FAILURE MODES AND DETAILED DESIGN CRITERIA

The Trilateral Design and Test Code for Military Bridging and Gap
Crossing Equipment (denoted as the Design Code in future references)
identifies a number of failure mechanisms relevant to mobile bridging
and specifies margins of safety with respect to each of these. These

failure modes include yielding, fracture, buckling and fatigue for dry
gap bridges and, in addition, loss of freeboard and stability for

floating bridges.

Each component or member of a bridge is to be designed to prevent
the relevant failure modes. This is accomuplished by performing
analy.ses to obtain stress levels in terms of the geometric and

material properties of the member and of the applied loadings. The
stress levels which have been determined based on assumned loadings are

required to be less than design allowable levels, which are equal to
critical levels divided by safety factors.

The loadings which a bridge will experience in service are not
known deterministically, but their probability distribution may be
obtainable, Similarly, the material strength parameters, such as

yield stress, endurance limit, etc., are actually random variables
with probability distributions. Thus, at best, one can determine the
likelihood (probability) that the stress level in a component of the

bridge will exceed the corresponding strength measure of the material
in terms of the probabilistic distributions of the stress and strength

variables.

It is implicitly assumed that failure of an individual component
or member of the bridge corresponds to failure of the bridge. This

4 approach is conservative as it does not take into account the possible

redundancies in the bridge design which may enable the bridge to
jcontinue to function after failure of one or more members. on the

other hand, this approach is excpected to be reasonably accurate
because a goal in mobile bridge design minimizing weight and size is

3 8Arthur D1 UtIInc



likely to lead to bridge configurations which lack substantial
redundancy.

We will make use of the structural reliability approach to
estimate the probability of failure for a bridge built to the Design
(bde specifications when subjected to a "normal" crossing. The term
normal crossing as used here refers to a crossing of the bridge by a
vehicle of the maximum class for which the bridge was designed over a

*gap of maximumn size. The "cautionr and "risk" crossing ratings will
then be set to be consistent with the normal crossing reliability.

The stress analysis used to verify a bridge design necessarily
contains some degree of approximation. Thus the design stress which
is to be ccsnpared to the material strength to determine the margin of
safety is not the true stress. The safety factor set in the design
code is meant to account for these and other approximations as well as
the consequences of exceeding the critical condition. For example,
the safety factor for yielding is less than that for other failure
modes (1.33 vs. 1.5) because the consequence of local yielding at
points of stress concentration is small. Therefore, inaccuracies in
the predictions for local stress concentration relative to yielding
will not have serious consequence on the performance of the bridge.
on~ the other hand, the stress analysis should be sufficiently detailed
to give accurate estimates of net section stress in each member.

The absolute predictions for bridge reliability during normal
crossings are likely to be in error because of the approximations in
the stress analysis and because of uncertainties in the probability
distributions of applied loadings. Ho~wver, by developing caution and
risk criteria based on reliability estimates which are consistent with
those for the normal cosn, we will be able to assure consistent
performance expectations. In the case of the caution crossing, the

same reliability level as for the normal corsaing will be set.

ArthurD littlInc



We have chosen not to take the influence of prior damage on

present performance or the reduction in fatigue life which may result

from caution and/or risk crossings into account. The reason for not

explicitly addressing the fatigue failure mode follows. only the
estimate of probability of failure in one crossing is required to

define the normal crossing and to set caution and risk crossing leviels
because these crossings will be approved on an individual basis during

f ield service. The probability of failure due to fatigue in an
individual crossing is extremely low. The increase in this failure

probability for caution and risk crossings is also extremely low.

Mokbile bridges must be designed to support loads associated with

the launching process as well as those it will see in-service.
Ho~wer, caution and risk crossing criteria refer to vehicle crossing
conditions only. Therefore, we are able to ignore the analysis of the
launch process in defining the normal crossing and setting criteria

for caution and risk crossings.

10I Arthir D Little Inc
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3. DS INII1N&T OF PRWOILT OF ?AXUM

In this section, we develop a general methodology for determining

the probability that the strength of the bridges will not sustain the

stresses applied to it. To do this, we first present a generalized

stress measure for a bridge component and then illustrate the

application of this measure through several specific examples. We next

discuss procedures for determining the probabilistic distribution of

stress measure. Then, by comparing the stress distribution with the

distribution of component strength, we evaluate the probability of

bridge failure.

3.1 Generalized Stress Measure

A bridge failure may, 'in fact, occur by any of several modes. For

instance, the effective bending stress may exceed the yield strength of

a component, or the shear stress may be longer than the shear buckling

stress, or a stress may exceed its endurance limit, etc. 7b evaluate

the likelihood of a bridge failure, it is necessary to evaluate the

stress measure associated with each of these failure modes.

For a given component of known geometry, the stress measure for

each failure mode will be a function of the loads applied to the

bridge. In general, we can express this relationship in the form

S= f. (D,V,G,M,X,I,B,W,F,T,Q) j- 1, 2,... (3.1)

where

S. is the stress measure associated with j-th failure mode

11 D is the bridge weight per unit length

V is the vehicle weight

1Ardhur D Lttl Inc
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G is the gap length

1 is the mud load per unit length

X is the vehicle eccentricity

I is the vehicle impact factor

B is the vehicle braking factor

W is the wind speed

_j F is the footpath load

T is the snow or ice load per unit bridge length

Q is the hydrodynamic load due to current, it is only applicable

to floating bridging.

7b illustrate the use of Equation (3.1) consider the first failure

mode (i.e. j-1) in which the tensile stress due to bending exceeds
the material yield stress of a component. In this case, we must
determine the tensile stress generated during a vehicle crossing at the

point of maximum stress-namely, at the bottom chord of the treadway atI the mid-span connector of the bridge. The explicit form of Equation
(3.1) for tensile stress at this point may be expressed as

S1* VG X + 2VG(1+I) + 4yVB + G 2(D+M) + 2yVGW2J (3.2)

where

c is the distance from the neutral axis to the bottom chord of the

12I Arthur D littk Inc



bridge

i is the section moment of inertia

h is the bridge width

y is the vertical distance from the bridge centrold to the

crossing vehicle centroid

a is the surface area of the vehicle exposed to wind pressure

multiplied by the wind speed/pressure conversion factor

and the loading variables D, V, G, M, X, I, B, W are as defined in

Equation (3.1). We have assumed that the footpath, snow, and ice loads

will be negligible and so they do not appear in Equation (3.2). We

note that since the constants c, i, h, y, and a depend on the
cross-sectional geometry of the bridge, and the dimensions of the

crossing vehicle, they will be specific to the particular bridge under

consideration. Equation (3.2) is used as an example to illustrate our

methodology. In fact, the dependence of tensile stress on eccentricity

and wind load is also related to the torsional characteristics of the

bridge. Therefore, the form of stress may be somewhat different than

expressed in Equation (3.2). The stress due to braking used in Equation

(3.2) assumes that the equivalent braking force is through the centroid

of the vehicle rather than at the bridge deck level as specified in

Section 5.3.8 in the Design Code.

3 As a second application of Equation (3.1), consider the second

failure mode (i.e., j = 2) in which the shear buckling strength cannot

3 support the shear stress. Here, the appropriate stress measure is the

shear stress produced in a treadway web during a vehicle crossing.

This stress may be expressed as

S2 X + V(1+1) + B + GD+M)(13 A2-irt(3.3)

13AtuD!ttn
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where

q is the structural moment of the portion of the cross section

about the neutral axis.

t is the web thickness

and the other values are as defined in Equations (3.1) and (3.2). Once

again, Equation (3.3) is intended for illustrative purposes only since

this representation of shear stress is bridge and location dependent

and may differ from the form expt 6sed here.

3.2 Distribution of Stress

Naturally, the loading variables such as vehicle load,

eccentricity, gap width, etc. will vary from location to location and

from crossing to crossing. This implies that the stress measures will

vary as well; and, in order to evaluate the probability of failure by

mode j, we must determine the probability distribution of the stress

measure S..
I

In our analysis, we will consider the bridge weight to be constant

and we will make parametric changes in the vehicle load and gap width.

Thus, in Equations (3.2) and (3.3), the stress measure can be expressed

as a series of additive terms. Each term consists of a constant

multiplied by a loading variable. Symbolically, Equation (3.2) can be

rewritten as:

S, -a + alX + a2 + a3B + a,0 + a5W2  (3.4)

where

a0  -) (2VG + G 2D)o  8

*. = _ /) 4VG

a -) 2VG
a2 = C ~ V

a (--.) 4yV
3
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a 4  c)G2

a 4  
C

a5 - (e)2yVG

and the loading variables X, I, B, M, W are as defined in Equation
(3.1). Similarly, Equation (3.2) can be expressed as

S2 - b + b1X + b2 + b3B + b4M (3.5)

where

b°  ( -t )(V + GD)

b l ( ....t 2V
b = it

b2 = ( 1tTv

~~b 4 :(T-)G

and the loading variables X, I, B, and M are as defined in Equation

Equations (3.4) and (3.5) highlight the additive form of the
equations and suggest the probability distribution of the stress
measures. Specifically, since realizations of the loading variables
results from a large number of factors which are (to a large extent)
independent, the distribution of the variables may approach a Gaussian
distribution. Under this scenario, the stress measures will be the sum
of Gaussian distributed random variables and so will themselves beI

15
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Gaussian distributed. This form of the distribution for the bending
* .. stress S, will be approximate at best since the stress contribution

from wind varies as the square of the wind load. However, the wind
stress component will typically be small compared to stress
contributions of the other loading variables. Thus, for Equations
(3.4) and (3.5) if the loading variables are Gaussian distributed, then
it is reasonable to assume that the stress measures are Gaussian
distributed.

* on the other hand, even if the distribution loading variable is
not Gaussian, the distribution of the stress measures in Equations
(3.4) and (3.5) may still approximate a Gaussian distribution. This
approximation relies on the linear combination of random (loading)
variables in stress equations in the form of equations (3.4) and (3.5) .
Since the loading variables have finite means and variances, and if
they are not highly correlated, then the distribution of stress will
approach a Gaussian distribution regardless of the form of the
distributions of the loading variable.

In short then, it is reasonable to assume a Gaussian distribution
for the stress measures given in Equations (3.4) and (3.5). We
emphasize, however, that the Gaussian assumption cannot be applied to
the generalized stress measure given in Equation (3.1) without
establishing that the stress is a linear comrbination of the loading
variables.

The Gaussian assumption for the distribution of S1I andS2
7- simplifies our analysis since now we need only to determine the mean

and variance of S1 and S2to completely specify their distribution.

7 Taking the mean and variance of Si as expressed in Equation (3.4) we
obtain

PS a 0 + a 1 X+ a 2U1 + a 3 PB + a 4 "M + as P 2 (3.6)

16 Arthur D little Inc



2* *22 2 a 2  2 a 2  2 2 2 22 = a12 X2 + a 2201 + a03aB2 + a4oOM + a5 OW2 + 2aIa 2 axolPI + 2 ala3oxaBPxB +

2a2a3 ao'BPI8  (3.7)

1U1, is the mean of S,

Px tis the mean of X

$ 2 is the variance of S1

2 is the variance of x

ax = Ox s the standard deviation of x

PxI is the correlation between X and I

and the other terms are similarly defined. 7he variance given in
Equation (3.7) includes the correlation between the vehicle
eccentricity, impact, and braking. H*wever, it implicitly assumes that

.. the mud load and wind load are independent of all other variables. In
other words, we assume that all correlations involving mud and/or wind

loads are zero.

In a similar manner, using Equation (3.5), we may express the mean
and variance of S2 as

1AS b0 + bl1 X + b2PI + b3VB + b4 M (2 (3.8)

I2 a b 2  2 +b 2 2 2 + 2blb3xBPxB
a~S2 bl 7x +2I +3 "B +Y H 2bl2xINxi(39 +

2b2 b3p IOBpI (3.9)

17
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tere the terms used here are defined in a manner similar to these

defined in Equations (3.6) and (3.7). Once again, we assume that the
mud load is independent of the other variables so that its correlation

is zero.

To complete our specification of the distribution of the stress

measures, we must evaluate the means and standard deviations of the

loading variables and the correlations between them. As described

above, it is reasonable to assume that the loading variables are

approximately Gaussian distributed. Accordingly, the mean and standard

deviation parameters of each of the loading variables may be estimated

by equating these parameters with a set of prescribed extreme values.

For example, Figure 3.1 shows the distribution of the mud load M which

typically ranges between zero and a given extreme value PI... By

symmetry, we take the mean of M to be uM - MT/2. In general,

though, it may be appropriate to locate the mean at a point other than

the mid-point between zero and MEXT . However, using this symmetrical

representation of the mean, we may assume that the extreme value

is K standard deviations from the mean.

That is

.m MEXT
NEXT 2 M

I
Thus, the standard deviation of M is

ii NXTI
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Typically, K will take on the value of 2 or 3 indicating that the

mudload M will exceed M T less than 5 percent or 0.5 percent of the

time, respectively.

Since the wind velocity W appears as a squared tem in aluation

(3.4), we must also detemine the mean and standard deviation of W2 .

If W is Gaussian distributed with man N and standard deviation o

then U - 2 will have mean and standard deviation.

2 2
U 2-'Jr + W.

w2 2

T2

aW2 OW 2W +

M1T.~l
sbtttn MW WEXT adW EX we ~ obtain

W XT 2

SUW2 " f ( 21+K 2 )

* 2
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Table 3.1 summarizes the information relevant for the

distributions of the load variables.

We do not have sufficient information available to determine the

level of correlation between vehicle eccentricity, impact, and braking.

It is reasonable to presume, though, that all three of these loading
variables are positively correlated with vehicle speed. Thus as the

speed of the crossing vehicle increases so does the vehicle's impact

factor and eccentricity; and the stress produced by braking would also

be more pronounced. In other words, we presume that the correlation

coefficients PXI, PXB, and PIB will be non-negative. Then by
parametrically varying these correlation coefficients between zero and
one we can determine their effects on the probability of a bridge

failure.

3.3 Probability of Bridge Failure

In general, failure will occur by mode j if

Prol(Sj > R for any J = 1, 2, ... (3.10)

Assume that R has a Gaussian distribution with mean 1jRj and standard

deviation 0Rj . Then we can also evaluate the deterministic case by

setting aR o 0. Let Z be standard Gaussian random variable, i.e.,

Uz 0, az -1. Then we evaluate Equation (3.10) as

21
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Prob(Sj > Rj) = Prob(-Rj + Sj > 0)

(-Rj+sj) + - ( " s

= Prob 2° Rj + °sJ2 c°Rj 2 +°Fsi 2

- Prob (Z >0.) J = 1.2 (3.11)

where 8 = ('RJ - iSj) /4YaRj2+cj 2  (3.12)

The implication of i)uations (3.11) and (3.12) is that the

parameter p can be used to assess the probability of failure, in

particular

P f 1 1/2 erfc ( B/-)

Figure 3.2 relates Pfto 8

I
1
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4. EVAUJATIQ4 OP A NORL CROSSIG

We use the term unormal" crossing to refer to a bridge crossing by

a vehicle of the weight class for which the bridge has been designed

over a gap of the design length. For each failure mode J, the stress
N

measure for a normal crossing, S , will be a function of the load

variables mud, vehicle impact, wind, etc. in which the extreme values of

these variables are set at the design values specified in the Design

Code. Thus, the probability of failure by mode j in a normal crossing

will be specified as

Prob (SjN>Rj) j = 1, 2,... (4.1)

Equation (4.1) provides a basis for evaluating "caution" and "risk"
crossings. In the caution crossing scenario we increase the vehicle

weight or the gap width by controlling a subset of the other loading

variables in order to maintain the same probability of failure as

specified in Equation (4.1). In the risk crossing scenario we allow the

probability of failure to increase beyond that specified in Equation

(4.1) in order to acconmodate an increased vehicle weight or gap width.

These two scenarios are evaluated in succeeding sections of this report.

In this section we evaluate Equation (4.1) for tw failure

modes-(1) where the tensile stress due to bending exceeds the yield

strength, and (2) where the shear stress exceeds the shear buckling

strength. For each mode, we first determine specific values for the

3 non-random terms of the stress measure for each failure mode. This

determination is performed with the aid of a safety margin constraint

equation. We then evaluate the failure probabilities for a normal
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crossing by assigning probability distributions to the stress and

strength measures.

4.1 First Failure Mode

Consider the terms set forth in Table 4.1. The numeric values for

these terms were taken from Design Code where possible or typical

in-service values were assigned. The material property characteristics

rl, PR1  and were derived from the literature as described in our

previous reportY. This information is not sufficient to directly

evaluate the stress measure for the first failure mode as specified in

Equations (3.2) or (3.4). We introduce the safety factor constraint

equation to evaluate the term c/8i. This equation relates the safety

factor of a failure mode to the exceedance points of the stress and

strength measures for that mode. Symbolically,

J - 12,..

ise 23 ... (4.2)

where

Y. is the safety factor for mode jJ

rj is the 100(l-p) percent exceedance point of the strength

measure R'

Sj is the 100 p percent exceedance point of the stress measure S.

A pictorial representation of Equation 4.2 is given in Figure 4.1. For

p - 0.01, Table 4.1 give r1 which is also referred to as the nominal

I material yield stress, as 38 KSI. The Design Code stipulates that the

stresses due to yielding should not exceed three-fourths of the nominal

3 material yield strength. Thus - 4/3. The actual safety margin for

26
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service conditions will depend on the level of inaccuracy in the stress

and strength measures. We considers to be the stress evaluated in the

MEPADCI bridge design. Specifically, we take the design values for

vehicle weight, gap width, bridge dead load, and vehicle impact factor

(i.e., V=VDES , G - G S , D- dm , I - imS). We take the Mud load as

0.8 times the design values (i.e., M - 0.8 ?S) and set all other load

variables to zero. Applying these values to Equation (3.2) yields

(d IDS 2.8 43
1 S2VDESgDES(+ + DES (dOES + 08MDES)] (4.3)

More generally, we can evaluate Si by using the generalized stress

Equation 3.1 and substituting a weighted set of design values for the

load variables. Equating Equations 4.2 and 4.3 we can solve explicitly

for the constant term 8 ie.
81

C FI/Id 0.132 cubic feet 1
8T= VDESgDES(I+tDES) + gDES (DES + 0"SMDES)

(4.4)

Using equation (4.4) and the design values for vehicle weight and gap

width given in Table 4.1 we may easily calculate the coefficients given
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TABLE 4.1

SUMMARY OF VALUES USED IN NORMAL CROSSING

Symbol Meaning Value

VDES Design code vehicle weight 60 tons

9DES Design code gap width 100 feet

XDES Design code eccentricity 15 Inches

tDES Design code Impact factor 0.15

bDES Design code braking factor 0.50

dDES Design code dead load 250 lbs/foot

'DES Design code mud load 120 lbs/foot

WDES Design code wind speed 38.4 knots

h Bridge width 128 Inches

y Bridge to vehicle distance 5 feet

a Vehicle surface area 0

Y1 Safety factor for failure mode 1 4/3

Y2 Safety factor for failure mode 2 3/2

j r1  99 percent exceedance point for material 38 KSI
strength RI

1:R1  Mean of material strength R 42 KSI
0l

0 R1  Standard deviation material strength R1  1.6 KS1

9 I
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in Equation (3.4) for the normal crossing stress measure This

information is summarized in Table 4.2.

To evaluate the probability of failure using Equation (4.1), we

assume that S1 and R1 are Gaussian distributed as justified in Section

3.

Based on this Gaussian assumption, the first failure mode

reliability factor for a normal crossing, 8N , is given by

N PR1 - PS1N (4.5)

The material strength parameters, and OR , are given in TableN
4.1. The tensile stress parameters for a normal crossing, pS, ,and
as1N , are obtained from Equations (3.6) and (3.7) using the coefficient

values given in Table 4.2. To estimate the means of the loading

variables, we equated the extreme values with the design values (i.e.,

XET- xDES, 1EXT iDS, etc.) and applied the equations given in Table

3.1. lb estimate the standard deviation of the loading variables, we

used Table 3.1 and assumed that the extreme value was two standard

deviations from the mean (K - 2). Table 4.3 summarizes the first mode

probability of failure for correlations between the vehicle
eccentricity, impact factor, and braking factor which are simultaneously

varied between zero and one. We found that the probability of failure

Ifor the first failure mode during a single normal crossing can range
-7 -7between 0.08 (10) and 27.4 (10)I

The estimates of probability of failure are also expected to be

3 sensitive to the choice of the number of standard deviations (K) batween

the means value and the design value of the loading parameters. To

I
I
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TABLE 4.2

COEFFICIENTS FOR FIRST FAILURE MODE IN NORMAL CROSSING

Coefficient Value

a 3,501,481 lbs/ft 2

a 598,591 lbs/ft3

1
a2  

3,177,153 lbs/ft2

a3  
158,558 lbs/ft2

a4 1,320 /ft

a5  0

31
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TABLE 4.3

PROBABILITY OF FAILURE FOR FIRST FAILURE MODE

IN NORMAL CROSSING

CORR. N
COEFF." K 1SN s N PROBABILITY OF FAILURE

(KSI) (KSI) (10-7 )

0.0 2 29.374 1.563 5.646 0.082

0.1 2 29.374 1.647 5.498 0.192

0.2 2 29.374 1.728 5.362 0.411

0.3 2 29.374 1.884 5.236 0.823

0.4 2 29.374 1.878 5.118 1.548

0.5 2 29.374 1.949 5.007 2.763

0.6 2 29.374 2.017 4.904 4.706

0.7 2 29.374 2.084 4.806 7.692

0.8 2 29.374 2.148 4.714 12.122

0.9 2 29.374 2.210 4.628 18.491

1.0 2 29.374 2.271 4.546 27.400

0.0 3 29.374 1.563 6.61 .0002

1.0 3 29.374 2.271 5.73 .006

*Correlation between vehicle eccentricity, impact, and braking.

I
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determine the mmnitude of this influence we repeated the calculations

for the extreme values of the correlation coefficient ( p - 0, 1.0) at K

- 3. The results, also shown in Table 4.3, indicate that if the design

loadirqs are further from the mean loadings, there is a reduction in the

calculated probability of failure.

I
I
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4.2 Second Failure Mode

Once again, consider the values given in Table 4.1. In this table

we have even less material property data vailable for the second

failure mode than we had for the first. Specifically, the mean R2
standard deviation R2 and 99 percent exceedance point, F2 for the
buckling strength R2 are unavailable. This means that we cannot

evaluate the constant term (q/16 it) in Equation (3.3) by the direct
method that was utilized in Section 4.1. Hbwver, we may still

determine the probability of failure for the second failure mode by

defining the untitless strength and stress measures.

R2 =R21 2  (4.6a)

2  2 i2  (4.6b)

Then, using the MERADCOM bridge design values for vehicle weight,

gap width, bridge dead load, vehicle impact factor, and eight-tenths of

the design mud load, we can evaluate the one percent exceedance point

for S2 as

- -s.- -

2 T6it DES (1 Es) + DES + 0"& DES)/ -2  (4.7)

I
Equating Equation (4.7) with Equation (4.2) we can express the constant

I term as

I VEs (1 + -i 9D ES (doEs + 0.8 mDES) (4.8)
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Using the specification in the Design Code for a shear

strength-to-stress safety factor of Y2 = 3/2 we can evaluate Equation

(4.8) numerically as

q - 3.86 x 106

Using this constant, the coefficient in Equation (3.5) can be evaluated

as shown in Table 4.4.

In order to determine the second mode probability of failure for a

normal crossing we need to evaluate the distribution of R2 . Since the

value of R2 depends on material constants such as Young's modulus and on

bridge dimensions such as the ratio of the web thickness to its length,

the variability of R2 will be quite small for a particular bridge

design. This implies that R2 will be close to zero and r 2 will be close

to 1 Therefore,

R2 1 (4.9a)
R2 r 2

R R2 = 0 (4.9b)

I
Thus, the specific form of the normal crossing reliability factor for

the secord failure mode B simplified

N =1-1ISN
as 2
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TABLE 4.4

COEFFICIENT FOR SECOND FAILURE MODE

IN NORMAL CROSSING

COEFFICIENT VALUE

b 00.560062

b1  0.0809061

b2 0.463499

b 3  0.0463499

b 4  0.00038625

I
I

- I
I
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As with the first failure mode, we took the extreme values of the

loadingj variables as the design values. Table 4.5 sumarizes the

probability of failure for the second failure mode for correlations of

the vehicle eccentricity impact, and braking~ rangjing between zero and

one, assuming that the design loads are two standard deviations above

the mean values (K = 2). Results for K - 3 at correlation coefficients

* of 0.0 and 1.0 are also included in Table 4.5.
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TABLE 4.5

PROBABILITY OF FAILURE FOR SECOND FAILURE MODE

IN NORMAL CROSSING

CORR. VSa N N N PROBABILITY OF FAILURE
COEFF. K 22 2 _16

0.0 2 0.6839 0.03475 9.097

0.1 2 0.6839 0.03679 8.592 <10 -16

0.2 2 0.6839 0.03872 8.163 1.665 x 10-

0.3 2 0.6839 0.04057 7.792 3.289 x 10-15

0.4 2 0.6839 0.04237 7.468 4.073 x 10

0.5 2 0.6839 0.04402 7.181 3.459 x 10-13

0.6 2 0.6839 0.04565 6.925 2.182 x 10-12

0.7 2 0.6839 0.04722 6.694 1.084 x 10-11

0.8 2 0.6839 0.04874 6.485 4.428 x 10 11

0.9 2 0.6839 0.05022 6.295 1.540 x 10 "]0

1.0 2 0.6839 0.05165 6.120 4.768 x 1010

0.0 3 0.6839 0.03475 13.64 <10 -16

1.0 3 0.6839 0.05165 9.18 <10 -1 6

*Correlation between vehicle eccentricity, impact, and braking.

1
I
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5. EVALURTIOW OF OflIQ4 CROSD

A mobile bridge is designed to support a specified vehicle class

over a set gap size. In field service, it may be advantageous to use

the bridge for conditions outside this specification. Therefore, it is

important for the field officer to have information on the performance
limitations of the bridge. IThe caution and risk ratings for mobile

bridging serve this purpose; they provide the field officer with

4 information on the capability of the bridge to support additional

loading for an individual crossing and on the added precautions that

need to be used during such a crossing.

It is possible to either specify the desired increase in vehicle

weight or gap size and determine the crossing restrictions required to

achieve the allowauble reliability or to specify the crossing conditions

and determine the possible increases in vehicle weight or span at the
same reliability level. 'The methodology that must be used to trade-off

increased loading against crossing restrictions is independent of which

approach is ultimately used to specify caution crossing conditions to

the field commbander.

The caution crossing rating for mobile bridging is to be set so

that the bridge will perform with the same degree of reliability during
a caution crossing as is attained in a normal crossing. This is to be

achieved by trading off increased vehicle weight or gap size against

restrictions on the crossing conditions such as eccentricity, impact,

and braking. For each failure mode j we have chosen to use the

parameters normal crossing reliability factor a N as the measure of

bridge reliability. For a caution crossing, 0 associated with failure

mode j cannot exceed the allowable value for a normal crossing BN as

defined by equations (4.5) and (4.6). This restriction serves as the

basis for specifying caution crossing conditions.
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5.1 First Failure Mode

To evaluate the level of control on the crossing conditions

required for the first failure mode in a caution crossing we first

parametrically increase in vehicle weight or gap size, by

V = (1+pv) VDES (5.1a)

G = (1+pg) 9DES (5.1b)

where

1 V is the vehicle weight

G is the gap width

1VM is the vehicle weight specified in the Design Code

gOES is the gap width specified in the Design Code

1 1 proportion change in the vehicle weight

i UI proportion change in the gap width

3 An increase in V or G will increase the mean and variance of S1 by

increasing the coefficient ao as given in Equation (3.4). This, in

I turn, will increase the probability of failure by decreasing 81 as
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defined in Equation (3.12). In order to restore 8 1 to its normal

crossing value at 01 we need to decrease the mean and/or variance of

one or more of the loading variables. We have chosen to simultaneously

reduce the variability of loading variables directly associated with

the vehicle: the eccentricity, impact factor, and braking factor.

These variables may be most directly controlled by the field commander

through restrictions on the speed of the crossing vehicle. We assume

that all other loading variables will remain unaltered from their

normal crossing values.

Vehicle eccentricity, impact, and braking are simultaneously

controlled by reducing the extreme value for each of these variables

below their design values. That is,

x~m = (1 + q)xDES  (5.2a)

iEXT - (1 + q)iDES  (5.2b)

bEXT = (1 + q)blD S  (5.2c)

where

.xE1 is the extreme value for vehicle eccentricity

.X is the design value for vehicle eccentricity

q is the proportion change

and the other variables are similarly defined. We assume that the
distribution of X, I, and B will remain Gaussian (and that K-2) so that

the formulas given in Table 3.1 may be used to obtain their means and
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variances. We note, however, that this assumption will probably

underestimate the amount of control required since we would expect the

loading variables to be skewed towtard their extreme value in a caution

crossing scenario. Tb represent the interaction between vehicle

eccentricity, impact, and braking we take a correlation coefficient of

0.5. Then, from Table 4.3 we see that the normal crossing reliability
Nfactor for the first failure mode is a 5.00.

Table 5.1 gives the extreme values required on vehicle

eccentricity, impact, and braking to maintain a reliability factor

of a 5.00 given vehicle load increases up to 20 percent above the

design value of 60 tons. In a similar manner, Table 5.2 gives the

extreme value restrictions for increases in the gap width beyond the

100 foot design value. These tables bring out three features about the

caution crossing for the first failure mode. Table 5.3 shows the

influence of the choices of the numbers of standard deviations (K)

between the mean and extreme values for the load parameters and the

correlation coefficient ( p ) on the required restrictions on loading

conditions for caution crossings.

First, as we would expect, the mean of the tensile stress S, is

greater for a caution crossing than for a normal crossing whereas the

standard deviation of S1 is less. This is because we are trading off

an increase in value of sone loading variables for a decrease in

variability in others. Second, since the gap width appears as a

* - squared term in Equation (3.2), a 20 percent increase in gap width

requires greater control of the vehicle loading variables than does a

20 percent increase in vehicle load.* Third, and most interesting, for

the range of values considered, q, the change in the extreme value for

the controlled load variables, is approximately linearly related to p,

and pg, the change in the vehicle load and gap width, respectively.

For example, if pv is 0.1 then q is -0.26; and if pv is doubled, then

q is approximately doubled. Thus for the range of vehicle loads
considers in Table 4.1 we may write

q -2.6 pv (5.3a)
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TABLE 5.1

VARYING VEHICLE LOAD IN CAUTION CROSSING
*

FOR FIRST FAILURE MODE

V xEXT "i EXT bEXT PSi Us1
VDES XDES DES FOES (KSI) (KSI)

1.00 1.00 29.37 1.95

1.02 0.94 29.63 1.87

1.04 0.89 29.92 1.80

1.06 0.84 30.20 1.74

1.08 0.79 30.47 1.67

1.10 0.74 30.74 1.59

1.12 0.69 30.99 1.51

1.14 0.69 31.24 1.43

1.16 0.59 31.47 1.35

1.18 0.55 31.76 1.28

1.20 0.50 31.97 1.19

*Assumes correlation is 0.5. Design values given in Table 4.1.

43 Arthiur D little Inc

" I - 1i I l



TABLE 5.2

VARYING GAP WIDTH IN CAUTION CROSSING
*

FOR FIRST FAILURE MODE

G XEXT - EXT . bEXT PSI asI
gOE----S XDES" TD DES (KSI) (KSI)

1.00 1.00 29.37 1.95

1.02 0.93 29.69 1.85

1.04 0.87 30.05 1.77

1.06 0.81 30.40 1.68

1.08 0.75 30.74 1.59

1.10 0.69 31.07 1.50

1.12 0.63 31.39 1.40

1.14 0.57 31.71 1.30

1.16 0.51 32.02 1.19

1.18 0.45 32.32 1.09

1.20 0.39 32.61 0.98

*Assumes correlation of 0.5. Design values given in Table 4.1.
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TABLE 5.3

THE INFLUENCES OF THE CORRELATION COEFFICIENTS (P) AND

THE NUMER OF STANDARD DEVIATIONS (K) ON THE CROSSING

RESTRICTIONS FOR CAUTION CROSSINGS

XEXT 1EXT bEXT

p22 pi p K XDES -DES -DES

0 0 0 2 0

0 0.2 0 2 .55

0 0.2 1.0 2 .47

0 0.2 .5 2 .50

0 0.2 .5 3 .60

.2 0 0 2 .69

.2 0 1.0 2 .57

.2 0 .5 2 .61

.2 0 .5 3 .76

i i
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imilarly, for the range of gap width considered in Table 4.2, we have

q 1 -3.0 pg (5.3b)

We note that Equation (5.3) cannot be extrapolated beyond a 20 percent

increase of the vehicle load and gap width since, in general, q is not

a linear function of pi and pg.

5.2 Second Failure Mode

We may apply the same approach for the second failure mode as was

used for the first failure mode. That is, we increase the vehicle load

or gap width using Equation (5.1) and control the extreme values of

vehicle eccentricity, impact, and braking using Equation (5.2) in order
Nto maintain a reliability factor of 132 -7.18 for a correlation of

0.5. The results are shown in Tables 5.4 and 5.5. Again, for the

second failure mode, there is an approximate linear relationship

between q and pw as well as between q and pg. Specifically,

q -1.75 pv (5.4a)

and

q -0.3 pg (5. 4b)

Note that the coefficient in Equation (5.4) are smaller in magnitude

than those in Equation (5.3). Tn fact gap width changes in the second

failure mode can be controlled by only marginal changes in the vehicle

eccentricity, impact, and braking.
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TABLE 5.4

VARYING VEHICLE LOAD IN CAUTION CROSSING

FOR SECOND FAILURE MODE

V XEXT tEXT bEXT 5 2

-VDES XDES DES bDES

1.00 1.00 0.6839 0.0440

1.02 0.96 0.6911 0.0432

1.04 0.92 0.6981 0.0422

1.06 0.88 0.7049 0.0413

1.08 0.84 0.7116 0.0402

1.10 0.80 0.7182 0.0391

1.12 0.77 0.7257 0.0384

1.14 0.73 0.7319 0.0372

1.16 0.70 0.7391 0.0364

1.18 0.67 0.7462 0.0355

1.20 0.64 0.7532 0.0346

is

*Assumes correlation is 0.5. Design values given in Table 4.1.I
I
I
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TABLE 5.5

VARYING GAP WIDTH IN CAUTION CROSSING

FOR SECOND FAILURE MODE

G x EXT = ~EXT bUEXT 1

9DES XDES DES bDES S2  S

1.00 1.00 0.6839 0.0440

1.02 0.99 0.6851 0.0436

1.04 0.99 0.6851 0.0436

1.06 0.98 0.6884 0.0432

1.08 0.98 0.6884 0.0432

1.10 0.97 0.6918 0.0428

1.12 0.97 0.6918 0.0428

1.14 0.96 0.6953 0.0424

1.16 0.95 0.6965 0.0421

1.18 0.95 0.6965 0.0421

1.20 0.94 0.7000 0.0417

*Assum~pes correlation is 0.5. Design values given in Table 4.1.

48

Arthur D Uittkc Inc



This illustates that in a caution crossing, the failure modes

cannot be evaluated independently. Rather, the most severely limiting

failure mode will determine the control required for each failure mode.

For the two failure modes we have considered, the first mode is the

more critical.

In general, the designer of a mobile bridge calculates stress

components at a number of critical locations and compares the resulting

values to corresponding material strength measures to determine if the

bridge meets the Design Code requirements on standard performance. The

design code specifies the ratio of allowble stress-to-strength for

each failure mode, i.e., .75-yield, .67-ultimate, .67-fatigue,

.67-buckling.

Then, for each failure mode j, it is possible to determine the

reliability factor $. The design code specification for the normal

crossing reliability is then defined by calculating the $N's for the

design load (vehicle class) and the full gap assuming that the design

precisely meets the code requirements, i.e., S. = r . For the

actual bridge design sj> aj because the bridge design at least meets

the code requirements. In order to treat various failure modes in a

consistent manner, we scale the Oj's by the code required values
N

to obtain ayTj/aj N. ?his approach recognizes that the judgement of the

relative importance or consequence of each failure mode has previously

been set in the design code. The necessary conditions for caution

crossing are now set based on the assumption that the caution crossings

should have no higher probability of failure than the normal crossing,

i.e., that aj >1_ for each failure mode and location.

In practice, the designer would calculate $i N and for each

critical condition in the bridge at the time that he performs the

3 corresponding stress calculation. The methodology for carrying out

these calculations is shown by example in the case of the tensile

Sbending stress in the bottom chord arM for shear stress in the bridge
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web. 7b determine the caution crossing conditions, the vehicle wight

is increased and the eccentricity, impact, and braking factors are

reduced simultaneously until each of the aj I s reaches the condition
aCtj> 1 . The calculation can be repeated at reduced gap widths to

obtain less severe caution crossing operating conditions. Similarly,,

the designer may define caution crossing criteria for the design class

vehicle weight but increased gap using the conditions cj 1 to

prescribe operating condition limitations. As the caution crossing

criteria only apply to in-service conditions for the bridge, it is not
necessary to review launching conditions to set the caution crossing

ratings.
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6.* RISK CROSSI( DEFINITIONS

Ilie risk crossing is distinct from the normal and caution crossings
in two areas. The allowable probability of failure is to be larger than
for the normal and caution crossings. For normal and caution crossings
the definition of failure includes damage to the bridge which may
prevent retrieval or subsequenat use; while, for risk crossings failure
modes to be considered only include those which would prevent completion
of the crossing.

In specifying the risk crossing rating criteria, we recrmnend that
procedures similar to those described for setting caution crossing
ratings be used. Failure modes j identified in the design of the
bridging and employed to assess the probability of failure for normal
crossings throug~h the should be separated into two categories-those
which will cause collapse of the bridge and those which result in
permanent damage but not collapse. only the former failure modes should

be addressed in the determination of the risk rating for a bridge. For
example, the ultimate stress rather than the yield stress criteria
should be imposed.

For those failure modes which may cause collapse of the bridging
probabilities of failure are to be determined as a function of the
vehicle weight and of the crossing restrictions using the parameters a

much as they were for the caution crossing conditions. It is now
necessary to address the issue of how to best define an allowable
probability of failure for a risk crossing. This may be done relative
to the normal crossing results, e.g., the allowable probability of
failure for a risk crossing is x times that for a normal crossing.

Alternatively, an absolute probability of failure may be allowed for a
risk crossing, e.g., 10%.
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The issue is of concern because the calculation of probability of

failure will include some error. The error sources are the estimation

errors of the probability distributions for the loading variables (1, M,
X, B,..,.) and the approximations irvolved in performing~ the stress

analysis, i.e., in the equation S. f f (D# G, X, It Mr B,...).

Increased confidence in the risk ratings can be gained by using
overload tests to verify aspects of this rating. Section 8 contains

further discussion concerning the specification of such a testing

program.

The two example failure modes analyzed for normal and caution

crossings are considered here again. Numerical calculations are

performed which give reliability factors and failure probabilities for

each mode in terms of increased vehicle weight or gap length. These

calculations assume three levels of crossing restrictions, and

therefore, reduc~ed impact, eccentricity and braking. In this manner,

they simulate normal, caution, and risk crossing conditions. The

results are useful to obtain an understanding of the relationship of

increased loading to increased probability of failure and then to set

reasonable risk rating criteria.

Figures 6.1-6.4 contain plots of a or probability of failure

against increased vehicle weight and gap size for failures modes 1 and

2, respectively. Each plot includes three curves representing q - 0,

.5, and .8 where q measur~s the amount of crossing restrictions, i.e.,

IET (1-q) INORMAL
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The B value calculated for the normal crossing and reported in section

4 was 0 N - 5.0. For risk crossing conditions (e - 0.8) this B value1
corresponds to a 34 percent increase in vehicle weight (Figure 6.1) or

a 27 percent increase in gap (Figure 6.2). If we were to allow B for

the risk crossing to decrease approximately 20% from the normal crossing

value, then, according to Figures 6.1 and 6.2, we could accept a 40

percent increase in vehicle weight or a 31 percent increase in gap size

for risk crossings. The 20% decrease in B from the normal crossing value

in Figures 6.1 and 6.2 corresponds to a two order-of-magnitude increase

in the probability of failure.

Figures 6.3 and 6.4 refer to the second failure mode. The increase

in vehicle weight which would be associated with a 20 percent decrease

in 82 from B2N  = 7.2 to 82R = 5.8 would allow more than a 50 percent

increase in vehicle weight. Thus, mode 1 limits vehicle weight

increases for risk crossings according to these results. Similar

reasoning will also show that mode 1 is the limiting mode for increases

in gap size associated with risk crossing conditions.

We made use of these results to recommend the risk rating criteria

which are specified in section 8 of this report. In particular we

suggest that a 20% decrease in B or a one hundred fold increase in

probability of failure beyond the normal crossing level is reasonable

for risk crossings. The relationship between B and the probability of

failure is highly nonlinear (see Figure 3.2), therefore, the criterion

which is controlling (20% decrease in B or 100 fold change in pf ) is

dependent on B. In particular for large B, the limit to a 20% change

in B is more restrictive than a 100 fold change in pf while for sma&aU

the reverse is the case. Thus, it is sensible to require that the risk

crossing meet both conditions.

I
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.7. TESTS TO VERIFY THE RISK RATTIG CPITfMGI

The risk rating criterion specifies vehicle loads which approach the

bridge carrying capacity. These loads are set so as to allow increased

probability of bridge collapse over normal operating conditions. The

methodology described earlier for the bridge rating determination

includes approximations and is subject to omissions or errors. For

example, failure may occur by a mode not anticipated by the bridge

designer. Alterations in the Design Code are recommended to address

these uncertainties. The revised testing plan will accomplish two added

goals. It will includie measurements to check the stress estimate for the

quantities associated with the most critical failure modes. Second it

will determine if there exist failure modes which precede those

identified by the designer and have been inadvertently omitted from the

analysis.

The risk rating verification test program should simulate the risk

crossing conditions. The bridging should be set across a full length gap

under the most degrading conditions which are permitted for a risk

crossing, e.g., there should be opposite transverse slopes at the two

supporting banks and mudi loading on the bridge.

The bridging should be strain gaug~ed in order to verify the

relationship between stress and vehicle load for the mode (or modes) of
failure which are anticipated to be critical. Vehicles of increasing

weight from the design class, to the caution class, and then to the risk

A. class should cross the bridge applying the risk crossing conditions on

speed, eccentricity, and braking. For each crossing, strain gaugqe

readings should be taken and checked against stress predictions. in the
event of (1) significant discrepancies (10%) between the measured and

calculated stresses, or (2) failure indications by the expected mode or,

(3) failure indications by a different mechanism, the tests should be

interrupted. These events indicate either
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(1) inadequate or incorrect stress analysis, or

(2) incorrect estimates of the resistance to failure (strength), or

(3) emission of a significant failure mode in the design analysis

considerations.

in this situation, appropriate corrections need to be made to the
analysis whaich served as a basis for setting the risk rating and a new

risk rating vehicle class must be set.

Satisfactory bridge per formance for a sequence of instrumented tests

as ervisioned here will give assurance that the aspects of the design
analysis on wh&ich the risk rating depends are not in error and that they

are sufficiently accurate to enable a meaningful risk rating
specification.
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8. DETERINATI OF C TION AN) RISK RaIIGS

This chapter presents recomended additions to the text of the

Trilateral Design Code to enable determination of caution and risk

ratings for mobile bridging. These include a section on procedures, and

a section describing additions to the testing requirements in the code.

8.1 Determination of Caution and Risk Ratings

Mobile bridging is designed to support a specified vehicle weight

class over a gap of specified maximw length. During field service it

may be advantageous to use the bridging beyond its design specification.

The field officier requires information on expected bridge performance

for this purpose. The caution and risk crossing ratings provide

guidelines on the load carrying capacity of the bridge under restricted

operating conditions. The bridge design should include specification of

the vehicle class and/or gap size permissable for caution and risk

crossing conditions.

The caution and risk crossing conditions are specified relative to

the normal crossing conditions. The crossing conditions follow.

6D
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vehicle speed 25 mph 10 mph 2.5 mph

(40% of normal) (10% of normal)

vehicle
eccentricity - limited on bridge centerline

(40% of maximum) (10% of maximum.)

braking and
acceleration - limited no braking or

acceleration

(40% of maximum) (10% of maximum)

vehicle spacing 100 ft. 150 ft. one vehicle on

bridge at a time

other

restrictions do not perform caution or risk

crossing if mudi load, wind speed,
or current speed (for floating

bridging) exceed design values

7he caution crossing rating is to be set such that a caution

crossing will produce no greater risk of bridge failure than is

calculated for normal crossings using this design code. 7h. risk

j crossing criteria permits increased probability of failure.

'ft determine the probability of failure for a crossing, it is

necessary to identify the possible failure modes and the likelihood that

each will occur. 1he failure modes and locations are Implicitly

identif ied during the design analysis. Stress leves are calculated for

these modes and compared to the corresponding strength quantities.

'. Section 6 specifies the required safety margins for the failure modes.
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The probability of occurrence for failure mode j is the probability that

the stress measure Sj will exceed the strength (resistance) measure Rj.

The probability of occurrence of failure mode j is

Pf = 1/2 erfc (0/ V---) where 0=(UR-US ) /VR2 +YS2 (8.1)

provided the distributions of stress and strength can be approximated as

Gaussian.

The Table 8.1 gives numerical values for the failure probability in

terms of

6 1 1.28 2 3 4 5

Pf 0.158 0.1 2.3(10) - 2  1.4(101- 3  3.2(101- 5  3.(10) 7

The symbols UR' OR' US' GS refer to the means and standard

deviations of R and S respectively.

The stress Sj is a function of the generalized loading parameters

of the form (see Section 5.4).

S f (D, V, G, M, X, I, B, W, F, T, Q)

For a known bridge weight, vehicle weight and gap size, the mean and

standard deviation for S are to be determined from the means and

standard deviation of the variables 1, X, I,...,

In general the means and variance (standard deviation squared) of

62 ArdhurDLittleinc
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the stress can be calculated in terms of the means and standard

deviations of the loadings; however, if the stress depends on the

loading variables in an additive manner, i.e.,

S = C0 + C1 X + C2 1 + C3 B

then the explicit expression for the variance is

S = Co + C1 IIX + C2 1 + C3 B

as2= C12 OX2 + C22  2+ C32 B

+ 2C1 C2 PXI 0X al

+ 2C2 C3 PIB I 0B

t 2C3 C1 PBX aB O'X

where P is the correlation coefficient between the variables X and I.
XI

Further, if the variables, eg., X and I, are independent, this

correlation coefficient is mro, i.e., PX = 0.

IThe mean and standard deviation for the strength parameters are

themselves material properties. Material strength measures are normaly

given as lower bound values from which the mean and standard deviation

can be determined

I JR + KaR

For base metal, the nominal or lowr bound values of yield or

ultimate stress reported in Appendix A are the It values for U.S. grade
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aluminum and steel alloys, i.e.,

The standard deviations of the yield stress for 7075 and 7005 alloys

range between 7 and 17 N/rm2 (I. and 2.5 ksi).

For the caution crossing, the probability of failure must not

exceed that allowable during a normal crossing. 7b set the cautionN
crossing rating, calculate the 8j allowable for each failure mode j,

limit the crossing conditions and determine the largest increased weight
C N

or gap size which yields8. >8 for all j.

The parameter

PsN N . %o + as

where

s =f.(D,.V Design, G Design, M, X, I, B, W, F, T, Q)

and M, X, I,.... are the random loading variables for a normal crossing.

The calculation of the mean and standard deviation of the stress measure

Sj require a knowledge of the means and standard deviations of the

loading variables M, X, I, B, W, F, T, and Q. For convenience, these

variables may be assumed to be Gaussian with mean equal to half the

extreme value and standard deviation equal to the extreme value divided

by K, e.g.,

M UM MEXT/2  (8.6)

am MEXT/2K
I
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For a caution crossing

U R VSi)/ 2

where

S -c f, (D, Vc, G M, X, I, B, TF' ' V

and M, X, I.- are the random loading variables for the caution
(restricted) crossing conditions. The random variables X, I, and B have

extreme values XEXT' IEXT and BErT reduxed by 60% from the normal
crossing condition to reflect caution crossing restrictions. The means

and standard deviations follow as

x EXT/2' = XEXT/2K

The quantities Vc and Gc are to be determined by the condition

S> 6 for all j

For caution crossing, the bridging design docunentation should
include a table of the percent increase allowable in vehicle weight,

V/YDEs for various gap sizes G/GDEs and of allowable gap sizes, G
for given vehicle weights, V/VDES in the form

CAUTION CROSSING

V/VDES G/GDES
* 1.0
* 0.8
1.0
0.8 *

. where the values * are to be determined by the designer.
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To set the risk crossing rating, it is only necessary to consider

those failure modes j which will prevent completion of the mission. One

need not consider failure modes which will prevent retrievel and/or

future use of the bridging. For each failure mode J which is considered,

the risk crossing specification is required to meet two conditions:

R N1. a, (0.80) N

2. pf (100) Pf N

J

where Pf R is the probability of failure by mode j for (R) risk

crossing cc. 4 itions. This constraint is to be used in conjunction with

the equation.

S R = f(D, V R9 GR, , X, I, B, W, F, T, -Q)

to determine the VR and GR ratings for the random loading variables

corresponding to risk crossing conditions, X, I, and B with extrme

values set at 10% of those for normal crossing conditions.
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8.2 Reconnended Changes to Bridge Testing Requirements in Support of
Risk Crossing Ratings

Section 8.5.10 Ov~erload Test - Preceding 8.5.10.1

The overload tests will be strain gauged so as to verify the stress
analysis for the most likely failure modes during risk crossings. The
designer will specify gaugje locations and expected readings.

Section 8.6 Trafficking Tests

8.6.3 Risk rating tests will be performed to verify that the
bridging can support the rated loading. The bridging will be strain
gauged in order to verify the relationship between stress and vehicle
load for the mode (or modes) of failure which are anticipated to be
critical. Vehicles of increasing wight from the design class, to the
caution class, and then to the risk class will cross the bridge applying
the risk crossing conditions on speed, eccentricity, and braking. Flor
each crossing strain gauge readings will be taken and checked against
stress predictions. In the event of (1) significant discrepancies (100)
between the measured and calculated stresses, or (2) failure indications
by the expected mode or (3) failure indications by a different
mechanism, the tests will be interrupted. These events indicate either

(1) inadequate or incorrect stress analysis, or

(2) incorrect estimates of the resistance to failure (strength), or

(3) omission of a significant failure mode in the design analysis
considerations.

in this situation, appropriate corrections need to be made to the
analysis which served as a basis for setting the risk rating and a new

risk rating vehicle class must be set.
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LIST OF SYMBOLS

a is the surface area of the vehicle exposed to wind multiplied by the

wind speed/pressure conversion factor

B is the vehicle braking factor

C is the distance from the neutral axis to the bottom chord

D is the bridge weight per unit length

F is the footpath load

G is the gap length

h is the bridge width

I is the impact factor

i is the moment of inertia of the bridge section

K is the numiber of standard deviations between the mean and extreme values

M is the mud load per unit length

P is the correlation coefficient between X and

*Q is the hydrodynamic load due to the current

q is the moment of the portion of the cross section about the neutral axis

R is the strength measure for the jth failure mode

S is the stress measure for the jth failure mode

jit is the web thickness

T is the snow or ice load per unit length

V is the vehicle weight

W is the wind speed

x is the vehicle eccentricity

K y is the vertical distance from the neutral axis of the bridge to the centroid
of the vehicle
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LIST OF SYMMS (cont.)

8 is the reliability factor

I is the safety factor

" "S is the mean of S

a oS  is the standard deviation of S

• .
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